In the real time operation of power markets under deregulation, electricity price forecasting, profit based unit commitment (PBUC) and optimal bidding strategy are important problems. Among these, the PBUC problem is one of the important combinatorial optimization problems. The objective of generating companies (GENCOs) is to maximize their profit. In this article, a hybrid Lagrange Relaxation (LR)-Differential Evolution (DE) is proposed for solving the PBUC problem. In the proposed hybrid method, the LR is applied to solve the unit commitment problem and the DE algorithm is used to update the Lagrange multipliers. At each stage, secant method is used to solve economic dispatch (ED) problem. The proposed method is tested on 3-units, 10-units and 20-units systems. The simulation results are compared with existing methods available in the literature. The results demonstrate the superiority of the present method over the previous methods in terms of profit and computational time. 
Introduction
The operation of power system has been changed worldwide from vertically integrated operation to deregulation. Electricity price forecasting, Profit Based Unit Commitment (PBUC) and bidding strategy play a dominant role for generating companies, who participate in competitive markets for maximizing their profit [1] . In the deregulation, the structure of power system operation is shown in Fig. 1 .
Unit Commitment (UC) problem is one of the combinatorial optimization problems with soft and hard constraints [3] . Different algorithms have been suggested in the past to solve the UC problem [2] . In the deregulated power markets, the generators are scheduled to maximize their profit. While committing the units, it is not necessary to satisfy the power demand. Independent system operator (ISO) takes the responsibility to monitor the operation of power system. The PBUC evaluates power and reserve which can be offered in the market to get the maximum profit.
Literature survey
Conventional, bio-inspired algorithms and hybrid methods by combining conventional algorithms and stochastic search algorithms have been proposed for solving the PBUC problem [24] . The list of all these techniques are provided in Table 1 .
Motivation
The deregulation in power markets creates a competition among the generating companies to get more profit. The bids and offers must be cleared and settled in a shorter duration. It is found in the literature that most of the existing algorithms provide solution with more computational time. Also, it is evident from the survey of literature that the profit of the GENCOs can be improved by updating the Lagrange multipliers. The hybrid algorithms may provide good solution. It is observed from the literature that (i) The LR is an efficient algorithm to solve the unit commitment problem [23] , but it suffers in providing global optimal solution due to the oscillatory behavior, while updating the Lagrange multipliers. In this context, stochastic search algorithms have been adopted to update the Lagrange multipliers for getting the best solution in terms of profit, (ii) The DE algorithm provides a global solution along with considerable computational time [14] . The key advantages of the DE algorithm are provided in Section 3. These two aspects motivated us to develop a new hybrid algorithm that is being presented in this paper. The code of proposed algorithm is executed in MATLAB (2016 A) on personal laptop with i5, 16 GB RAM.
Organization of the article
The rest of the article is organized as follows: Section 2 presents mathematical formulation of the PBUC problem. A brief description about objective function and set of constraints used is given. A short note on mathematical tools (LR, Secant method and DE) is provided in Section 3. These algorithms have been used in the past for solving the unit commitment problem [15] and economic dispatch problem [21] . Development of the proposed method is presented in Section 4. The flowchart of the proposed algorithm is shown in Fig. 3 . Three case studies are considered in Section 5 to test the applicability of the proposed algorithm and finally conclusions are provided in Section 6.
Profit based unit commitment (PBUC)
The PBUC in the deregulated power markets is to maximize profit of the suppliers who participate in the energy brokerage. Independent system operator (ISO) is responsible to match the supply and the power demand. It establishes the competition among the generation companies. Therefore, suppliers will sched- ule their units to maximize profit as per the forecasted electricity price.
Objective function
The profit of the generating company is the difference between the revenue and the total fuel cost. The revenue and the total fuel cost can be calculated, based on the forecasted values of power demand, price and reserve power. Hence, forecasted powers and reserves of the GENCOs play a vital role in profit maximization. The PBUC problem formulation is as follows:
Maximize:Profit ðPFÞ ¼ Revenue ðRVÞ À Total operating cost ðTCÞ or Minimize:ðTC À RVÞ Revenue of the GENCOs depends on strategies of selling power and reserve. The amount of power and reserve sold depends on the way reserve payments are made. There are two methods of reserve payment: (A) Payment for power delivered and (B) Payment for reserve power allocated. In this paper, payment for power delivered is considered.
The revenue and total operating cost can be calculated as follows: The total operating cost (TC) is the sum of fuel cost for both power and reserve power generation, FðP it þ R it Þ; and startup/shutdown cost of all the units.
Total operating cost; TC
where ST is startup cost ($) and FðP it Þ represents fuel cost of ith generating unit during tth interval and is expressed as follows:
where a i , b i , and c i are fuel cost coefficients of ith generating unit ($, $/MW, $/MW 2 respectively).
The startup cost of ith generating unit can be expressed as follows: 
Constraints
The PBUC problem is subjected to various unit and system constraints and the constraints considered in this work are as follows:
Power demand constraint
The power demand and reserve constraints in restructured power market are different from traditional UC problem. It is expressed mathematically as follows: 
where P imin and P imax are lower and upper limits of ith generator (MW).
Minimum up and down time constraint
If the generating unit is committed already, there will be a minimum time to shut down. Similarly if the unit is already shut down, there will be a minimum time to commit the unit. It can be mathematically expressed as follows:
where T i,up , T i,down are minimum up and down times of ith generator respectively. Minimum up and minimum down time constraints are incorporated in the unit commitment by the following relations.
Mathematical tools
In this section, a brief description about the mathematical tools (Lagrange Relaxation, Secant method and Differential Evolution) is provided.
Lagrange Relaxation
The LR method solves the PBUC problem by temporarily relaxing the coupling constraints. It uses dual optimization technique which minimizes the Lagrange function (L) with respect to Lagrange multipliers (k t ; l t ), while maximizing the profit with respect to the control variables (P it , R it and X it ). The Lagrange func-tion for PBUC problem including reserve is formulated and given in Eq. (13) . The formulated equations have been taken from [11] and are given for understanding the LR method for unit commitment problem.
The Lagrange function is modeled for the given objective function with the set of constraints considered are:
The modified Lagrange function by neglecting the constant terms can be expressed as follows:
The minimum of Eq. (15) can be calculated by solving the minimum value of each unit during the time periods and re-written as follows:
Min:qðk; lÞ
The constrained minimum of Lagrange function (L) for each generating unit is determined to obtain P it and R it using two state dynamic programming. It is mathematically indicated as follows:
The minimum of the function is calculated by taking the first derivative of the Eq. (17) and equating it to zero. It can be written as follows:
The power and reserve are obtained by solving Eq. (18) is given as follows:
The power and reserve are expressed as follows:
where
Secant method
It is a root finding algorithm [5] that uses the succession of the roots of the secant lines to the better approximate the root of a polynomial with one variable. In this method, the function is assumed approximately linear in the local region of interest and uses the zero crossing over the line connecting to the limits of the interval to find the new reference point. The next iteration starts from evaluating the function at the new reference point and then forms another line. This process is repeated till the root of the polynomial is found.
Differential Evolution
In 1995, Price and Storn introduced a new evolutionary algorithm for global optimization and named it as Differential Evolution [25] . In this algorithm, new off-springs are generated from parent chromosomes using differential operator, instead of classical crossover or mutation.
The chief advantages of this algorithm are (i) easy implementation, (ii) negligible parameter tuning. The DE algorithm has been implemented in many engineering applications [9, 14, 15] .
The basic stages involved in the DE algorithm are shown in Fig. 2 .
Development of LR-Secant-DE hybrid algorithm
There are three stages involved in the proposed hybrid LR-Secant-DE algorithm to solve the PBUC in the deregulation.
Unit commitment
From the Eqs. (19) and (20), the output power and reserve are evaluated. Status of the unit is determined using the conditions given as follows:
If the constrained minimum function (K) given in Eq. (17) is less than zero, then the status of unit is 'ON', otherwise the status of unit is 'OFF'.
If the committed units have excess reserve, de-commitment of units is necessary for gaining more economical benefits. When there is excessive spinning reserve, the following steps are used to de-commit the units.
Step 1: The schedule of committed units is determined.
Step 2: The last 'ON' state unit is de-committed in the schedule and the spinning reserve is verified. If it is satisfied, then the status of that unit is 'OFF'.
Step 3: The above procedure is repeated until the spinning reserve constraint is satisfied.
If any unit violates the minimum uptime or downtime constraints, those constraints are adjusted by the method mentioned in [3] . The dual cost (q) is calculated from the status of units, if the solution is feasible. For all committed units, the ED problem is solved and then primal cost (J) is calculated. Economic dispatch (ED) is a sub-problem of the unit commitment. The ED problem can be solved by using any one of the root finding techniques. Here, Secant method is used to solve the ED problem. In the initial phase, the status of units is evaluated using the LR method. The dual cost for the given lambda is found. In order to calculate the primal cost, the ED problem is solved using the secant method [26] . The primal cost is evaluated once the output powers are calculated. Subsequently, the duality gap is found.
Lagrange multipliers updation
In this article, the DE algorithm is used to update the Lagrange multipliers. The basic stages involved in the DE algorithm are pro-vided in 3 (Fig. 2) . In addition, the detailed methodology to update the Lagrange multipliers is given below.
Step I: At each hour, specific number of Lagrange multipliers (lambda) is taken. The range of the Lagrange multipliers depends on complexity of the problem.
Step II:
The lambda values are randomly generated between the limits known as population.
Step III: For the selected lambda values, the schedule of units is evaluated using the LR method and then the primal and the dual cost are calculated for all values of lambda's. The duality gap is also found.
Step IV: The duality gap between the primal cost and dual cost for each lambda is taken as fitness function.
Duality Gap ðeÞ ¼ ðJ À qÞ q ð23Þ
Step V: The Lagrange multipliers are updated to get the minimum duality gap.
Step VI: The algorithm will be terminated when the stopping criteria is satisfied. The stopping criterion in the present algorithm is number of generations and accuracy of the duality gap.
The complete procedure is shown in Fig. 3 .
Simulation results
The code of the suggested hybrid algorithm has been developed in MATLAB (2016). In order to evaluate the performance of the proposed technique, it has been tested on 3-units, 10-units and 20-units systems. In the bio-inspired algorithms, the performance of convergence can be improved by selecting the control parameters.
For each control parameter, it has been tested for several times and parameters are selected for which the maximum profit is obtained. The control parameters which yield maximum profit are shown in Table 2 .
Case study 1
The unit data, forecasted power demand, spot price and reserve power prices for 3-units 12-h system are taken from [11] . Based on the forecasted spot price, power demand and reserve power, the proposed method is used to develop dispatch 12 h schedule for a 3-units system. The dispatch schedule of 3-units 12-hour system by traditional unit commitment and PUBC for case study 1 is given in Table 3 . The total profit attained by LR-Secant-DE is $9074.36 and profit for each hour is also provided in Table 3 .
The powers, reserves and profit of the traditional unit commitment method and proposed method at a reserve probability (r) of 0.005 are provided in Table 3 . In case study 1, the third unit is the most economical unit therefore this unit is at priority 1 and second unit is 'ON', if the forecasted price increases. First unit is 'OFF' for Maximum number of iterations, itermax 500 Table 3 Output powers, reserve powers and profit of 3-units 12-h system. all the 12 h because if it is committed, fuel cost is more than revenue and profit reduces. Results obtained by proposed method, LR-GA, LR-EP, and LR-HF are given in Table 4 . Duality gaps of 3-units system at different hours is presented in Fig. 4 .
It is evident from the Fig. 4 that duality gap is very low, which indicates the proposed method is producing better results.
Convergence characteristic of ED by Secant method is shown in Fig. 5 .
From the above discussion, tabular and graphical representations, it is proved that the proposed method is better than LR-GA, LR-EP, and LR-HF in terms of profit.
Case study 2
The unit data, forecasted power demand, spot price and reserve power prices for 10-units 24-h system are taken from [11] . In this case, 10-units system has been tested in order to prove the applicability of the proposed method for solving the UC problem with mixed generating units system. 0  11  455  455  130  130  162  80  38  0  0  0  0  0  0  0  0  47  0  12  455  455  130  130  162  80  33  55  0  0  0  0  0  0  0  52  0  13  455  455  130  130  162  68.01  0  0  0  0  0  0  0  0  12  0  0  14  455  455  130  130 Based on the forecasted spot price, power demand and reserve, the proposed LR-Secant-DE method is used to develop dispatch 24 h schedule for a 10-units system. The dispatch schedule of 10-units 24-hour system for case study 2 is given in Table 5 .
The effect of probability that reserve power is called and generated is tested on a 10-units 24-h system at different reserve probabilities and profits obtained are provided in Table 6 .
The graphical comparison of forecasted power demand, power generated by the proposed method is given in Fig. 6 .
The total fuel cost, start-up cost, revenue and profit for each hour calculated are shown in Table 7 .
The revenue generated by the proposed method is $646436.9, the fuel cost spent is $531941.6243 and startup cost is $1780, which yields a profit of $112715. 26 .
Results obtained by the proposed method and various methods are presented in Table 8 .
Results obtained by PPSO, NACO, PABC, AIS-GA, ICA, CCIA, PSO, BFSA, MAM and proposed LR-Secant-DE methods are presented in Table 8 . Profit comparison for 10-unit 24-h system, of LR-Secant-DE method with other methods is reported with the help of description, tables and figures. The total profit obtained by proposed method is $112715.26, which is higher than the profit of other methods mentioned in the Table 8 .
Case study 3
The proposed hybrid method has also been tested on a 20-units system in order to test the applicability of the proposed method for large scale systems. The fuel cost data is obtained by duplicating the 10-unit system data. Tables 9 and 10 present the best output power and reserve power generation schedules of a 20-units 24-h system obtained by the proposed LR-Secant-DE method. From Tables 9 and 10 it is understood that the unit commitment schedules are prepared by considering profit maximization of generating companies as the priority. The total fuel cost, revenue and profit for each hour calculated are shown in Table 11 .
The revenue, fuel cost and profit by the proposed method at each hour are given in Fig. 7 .
In PBUC, generating companies may generate power lesser than the power demand based on the forecasted price to get more profit. Hence, GENCO decides to turn 'OFF' units from 13-20 over the complete 24-h and commit only 1-12 units resulting in higher profit compared to committing all the 20 units. The total profit obtained by LR-Secant-DE method for 20-units 24-h system is $228310.2193.
Conclusions
A hybrid Lagrange Relaxation (LR)-Secant-Differential Evolution (DE) method is presented in this paper to solve the profit based Unit commitment problem for 3-units 12-hour, 10-units 24-h system and 20-units 24-h systems. The unit commitment problem is solved by LR for a given forecasted power demand, reserve and forecasted price, the economic dispatch sub-problem for committed units is solved by Secant method and finally the DE algorithm is used to update the Lagrange multipliers, based on the duality gap between the primal and duality cost. The simulated results show that LR-Secant-DE method produces better results in terms of profit compared with existing methods available in the literature with less computational time. Based on the results obtained with the proposed method, it is more suitable for practical applications in the deregulated power markets. 
